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Abstract: Brassica crops are well known for the accumulation of glucosinolates—secondary metabo-
lites crucial for plants’ adaptation to various stresses. Glucosinolates also functioning as defence
compounds pose challenges to food quality due to their goitrogenic properties. Their disruption
leaves plants susceptible to insect pests and diseases. Hence, a targeted reduction in seed glu-
cosinolate content is of paramount importance to increase food acceptance. GLUCOSINOLATE
TRANSPORTERS (GTRs) present a promising avenue for selectively reducing glucosinolate concen-
trations in seeds while preserving biosynthesis elsewhere. In this study, 54 putative GTR protein
sequences found in Brassica were retrieved, employing Arabidopsis GTR1 and GTR2 templates.
Comprehensive bioinformatics analyses, encompassing gene structure organization, domain anal-
ysis, motif assessments, promoter analysis, and cis-regulatory elements, affirmed the existence of
transporter domains and stress-related regulatory elements. Phylogenetic analysis revealed patterns
of conservation and divergence across species. Glucosinolates have been shown to increase under
stress conditions, indicating a potential role in stress response. To elucidate the role of GTRs in
glucosinolate transportation under NaCl stress in two distinct Brassica species, B. juncea and B. napus,
plants were subjected to 0, 100, or 200 mM NaCl. Based on the literature, key GTR genes were chosen
and their expression across various plant parts was assessed. Both species displayed divergent
trends in their biochemical profiles as well as glucosinolate contents under elevated salt stress condi-
tions. Statistical modelling identified significant contributors to glucosinolate variations, guiding
the development of targeted breeding strategies for low-glucosinolate varieties. Notably, GTR2A2
exhibited pronounced expressions in stems, contributing approximately 52% to glucosinolate content
variance, while GTR2B1/C2 displayed significant expression in flowers. Additionally, GTR2A1 and
GTR1A2/B1 demonstrated noteworthy expression in roots. This study enhances our understanding
of glucosinolate regulation under stress conditions, offering avenues to improve Brassica crop quality
and resilience.
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1. Introduction

The Brassicaceae family of genus Brassica encompasses diverse plant species, including
vegetables, oilseeds, condiments, and ornamentals [1,2]. Among these, the Brassica complex,
which consists of six crucially important crops, holds global significance in agriculture,
food, and industry [3]. This complex, also known as U’s triangle, comprises three diploid
species (Brassica compestris, B. nigra, B. oleracea) and three allotetraploid species (B. napus,
B. juncea and B. carinata) [4]. B. napus and B. juncea, commonly known as rapeseed and
mustard, are prominent oilseed crops with high seed oil contents (40–48%), ranking as the
second most crucial oilseed crops after soybean [5].

In many countries like India and Pakistan, rapeseed and mustard are the main oilseed
crops, mainly cultivated in marginal lands due to various factors, including competition
with the major cereal crop, e.g., wheat, non-availability of high-yielding varieties, lack of
incentives, etc. The crops are grown on marginal saline lands [6]. Salinity is a significant
stressor that affects crop yields worldwide, affecting 20% of cultivated and 33% of irrigated
lands globally [7]. Brassica crops are susceptible to salinity stress at all growth stages,
leading to yield losses and quality deterioration in terms of increased erucic acid and
glucosinolates in seed oil and meal [8–10]. Total glucosinolate content has also been found
to be increased under salt stress due to increased secondary metabolism [11,12].

Glucosinolates are nitrogen- and sulfur-containing secondary metabolites exclusive
to the family Brassicaceae [13]. They have also been found in several other families of
order Brassicales other than Brassicaceae, including Capparaceae (Capers), Caricaceae (pa-
paya). and Moringaceae (Moringa) [14–16]. Glucosinolates, as constitutive components
of cells, are synthesized early in the plant’s life cycle and are stored in either vacuoles or
specialized idioblasts. The biological activity is attributed to hydrolysis products result-
ing from the breakdown of glucosinolates by the myrosinase enzyme upon damage [17].
These breakdown products exhibit a range of activities such as fungicidal, antimicrobial,
and cancer-preventing, antigoitrogenic and anti-inflammatory [18–20]. Some glucosino-
lates and their degradation products, such as progoitrin and epi-progoitrin, can reduce
palatability [21]; others, like nitriles, may impair liver and kidney function [22], while
thiocyanates can make iodine unavailable [23] and 5-vinyl-1,3-oxyzolodine-2-thione can
affect thyroid morphology as well as physiology. In animals, consuming glucosinolate-rich
meals above the acceptable limit (30 µmol/g of oil-free seed meal) can result in goitrogenic
effects [24–26]. Additionally, the pungent smell of sinigrin or allyl glucosinolate can make
it undesirable for animals [27].

Glucosinolates are crucial in plant defence against insects and pathogens [28]. They
deter feeding and inhibit the growth of herbivores, including birds, slugs, and insects [29].
When plants are under attack, they increase their glucosinolate levels through the de novo
synthesis of glucosinolates and transport of glucosinolates from other plant parts [30–33].
Glucosinolate hydrolysis products, particularly isothiocyanates, exhibit antimicrobial and
fungicidal activities against bacterial and fungal pathogens [34–36]. In cabbage, resistant va-
rieties have been found to increase their aliphatic and indolic glucosinolate content and the
gene expression involved in their biosynthesis when attacked by Sclerotinia sclerotiorum [37].
Glucosinolates have also been reported to be involved in defence mechanisms against abi-
otic stresses by activating signalling pathways like jasmonic acid (JA) and salicylic acid
(SA) pathways [38], inferring the role of these secondary metabolites in plant defence
mechanisms. Disruption of glucosinolates in Brassica plants made them susceptible to
disease and insect attack [39].

GLUCOSINOLATE TRANSPORTERS (GTRs) represent a promising avenue for selec-
tively reducing glucosinolate concentrations in seeds while preserving glucosinolate biosyn-
thesis elsewhere. Targeting GTRs, particularly through downregulation using genome
editing or RNA interference (RNAi) techniques, holds potential for enhancing the nutri-
tional quality and stress resilience of Brassica crops. Notably, glucosinolate levels have been
observed to rise under stress conditions, indicating a probable involvement of transporters
in mediating this response. However, the specific role of glucosinolate transporters in
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regulating glucosinolate concentrations under stress and the major GTRs involved in their
transportation remain inadequately understood.

In Arabidopsis, GTR1 and GTR2 have been identified as pivotal transporters responsi-
ble for loading glucosinolates into seeds. However, the evolutionary trajectory of Brassica
crops, characterized by whole-genome triplication and subsequent gene duplications, has
led to the emergence of multiple homologues of these genes. This genetic complexity
poses challenges for manipulating glucosinolate transport in Brassica species [40–43]. The
primary objective of this study was to identify key GTR genes in modulating stress-induced
alterations in glucosinolate levels in Brassica crops. By elucidating the mechanisms through
which these transporters influence glucosinolate accumulation under stress conditions,
valuable insights can be gained for devising strategies aimed at augmenting glucosinolate
content in Brassica seeds. Ultimately, such endeavors hold promise for the development of
more nutritious and stress-tolerant varieties of Brassica crops.

This study undertook a comprehensive examination of GTR genes in Brassica species,
employing a multi-faceted approach. Beginning with the retrieval of GTR gene and protein
sequences utilizing Arabidopsis GTR1 and GTR2 templates, the investigation progressed
through bioinformatics analyses, including phylogenetic, domain, motif, and promoter
analyses. These analyses collectively confirmed the presence of transporter domains
and regulatory elements associated with stress and metabolic regulation, implicating
the involvement of GTRs in glucosinolate transportation. Subsequently, two Brassica
species with divergent glucosinolate levels, B. juncea and B. napus, were subjected to NaCl
stress, accompanied by biochemical profiling and quantitative real-time PCR to monitor
GTR expression across various plant tissues. Statistical modelling techniques were then
applied to discern the significant contributions of GTRs to glucosinolate concentrations
with and without salt stress. This integrative approach yielded valuable insights into the
evolutionary dynamics, structural characteristics, and functional roles of GTR genes in
Brassica under stress conditions, offering implications for potential advancements in crop
improvement strategies.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Two Brassica species with contrasting glucosinolate contents—B. juncea cv Super Raya
and B. napus cv Westar—were used in this study. B. juncea, commonly known as Indian
mustard or brown mustard, is a widely cultivated Brassica species in the Indian subconti-
nent as well as China [44]. It is better adapted to harsh climatic conditions, shows less pod
shattering, and possesses a higher level of resistance against blackleg disease. It contains
much higher levels of glucosinolates (up to 160 µmol per gram of fresh weight) compared
with B. napus [45]. B. napus contains much lower levels of glucosinolates (<30 µmols of
glucosinolates per gram of air-dried oil-free solid) and is a major oilseed crop of the North-
ern Hemisphere [42]. Seeds of these genotypes were obtained from the Oilseed Research
Institute, Faisalabad, and sown in pots and kept under optimum growth conditions of
25/16 ± 2 ◦C day/night temperature, 16 h light/8 h dark period in the glass house. After
successful germination, the plants were thinned to three plants/pot at uniform growth
stage and were irrigated with 0.5× Hoagland solution containing 0 mM, 100 mM, or
200 mM NaCl. Plants were exposed to NaCl stress at the 2–3 leaf stage. Salt was applied
in increments of 50 mM until the required concentration was achieved. The experiment
was performed in a randomized complete block design (RCBD), with one replicate of each
treatment per block. The experiment was repeated three times. Samples from different
tissues, viz., roots, stems, leaves, open flowers, and siliques, were collected from the control
and stressed plants for qPCR analysis. Only leaf samples were collected for biochemical
and antioxidant assays. The samples were collected in liquid nitrogen and immediately
stored at −80 ◦C until proceeding for RNA extraction and biochemical/antioxidant assays.
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2.2. Bioinformatics Analyses

Protein sequences of Arabidopsis GTRs (GTR1 and GTR2) were retrieved from the
TAIR database (arabidopsis.org, accessed on 14 May 2022). The AtGTR protein sequences
were then used as query to retrieve the protein sequences from six Brassica species genomes,
viz., B. napus (Dar V10.pep), B. juncea (tum V 2.0 pep), B. carinata (zd1 V 1.0 pep), B. oleracea
(HDEM V 1.0 pep), B. rapa (Chiifu V 3.5 pep), and B. nigra (Ni100 V2.pep), available at the
BRAD database (brassicadb.cn, accessed on 14 May 2022) using BLASTP analysis. The
sequences having more than 90% query coverage, e-value of less than 1 × 10−10, and
similarity of more than 80% were selected for further bioinformatics analyses.

The locations of respective genes on chromosomes, gene length, transcript length,
number of introns/exons, and protein length were obtained from the BRAD database. The
ExPASy (SIB Swiss Institute of Bioinformatics|Expasy, https://www.expasy.org/, accessed
on 20 May 2022) online resource was used to calculate different properties of the proteins
including molecular weight (Da), isoelectric point (pI), and grand average of hydropathy
(GRAVY) values. The subcellular localization of proteins was predicted using the WoLF
PSORT (Protein Subcellular Localization Prediction (hgc.jp, accessed on 21 May 2022))
website. The phylogenetic tree was constructed using the unrooted neighbor-joining (NJ)
method with 1000 bootstrap value employing MEGA7 (Home (megasoftware.net, accessed
on 11 September 2022)) software and visualized using iTOL tree of life online tool (iTOL:
Interactive Tree Of Life (embl.de, accessed on 11 September 2022)).

For further bioinformatics analyses, only Arabidopsis, B. juncea, and B. napus protein
and gene sequences were used. Protein sequence alignment and calculation of similarity
percentage were carried out using MEGA7. All pairwise distances between protein se-
quences were also calculated in MEGA7 to infer divergence percentages. Non-synonymous–
synonymous (Ka/Ks) ratios were calculated for the gene pairs evolving from the same node
using Tbtools (TBtools bio.tools, https://bio.tools/tbtools, accessed on 17 August 2023) to
find out the type of selection pressure experienced by the genes in the course of evolution.
For gene structures, genomic and coding DNA sequences of Arabidopsis, B. juncea, and
B. napus were retrieved from their respective genomes available at the BRAD database and
submitted to the online gene structure display server (GSDS) (gao-lab.org, accessed on
19 September 2023) tool. Domain analysis was performed using NCBI CDD (conserved
domain database) (NCBI conserved domain search (nih.gov, accessed on 17 October 2023))
to make sure each of the selected protein sequences possessed the conserved domains.
Motif analysis was performed by submitting the protein sequences to the online MEME
suite 5.5.4 (Introduction—MEME Suite (meme-suite.org, accessed on 20 October 2023)) tool
based on “zero or one occurrence per sequence (zoops)” in classic mode for the identifica-
tion of statistically significant motifs in the respective proteins. The motif length was set
to a minimum of 15 and a maximum of 60 amino acids. The identified motif sequences
were submitted to InterProScan (InterProScan—InterPro (ebi.ac.uk, accessed on 22 October
2023)) online tool to obtain their functional description.

For promoter region analysis and identification of cis-regulatory elements, a 2 kb
upstream region of the respective genes was downloaded from the BRAD database. Cis-
regulatory elements were identified using PlantCARE (a database of plant promoters and
their cis-acting regulatory elements (ugent.be, accessed on 25 October 2023)) and visualized
using Tbtools.

2.3. Biochemical Analyses

Leaf samples were taken from the control and treated plants after the completion of
salt stress treatment, for biochemical analysis.

2.3.1. Malondialdehyde (MDA) Content

MDA content was measured using the protocol described by [46]. Leaf tissue (0.5 g)
was ground in 5 mL volume of 0.1% TCA solution followed by centrifugation at 12,000× g
for 10 min to obtain supernatant. After that, 1 mL of supernatant was mixed with 4 mL

arabidopsis.org
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embl.de
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of 0.5% TBA in 20% TCA solution and the reaction was incubated at 95 ◦C for 30 min.
The reaction was stopped by placing the sample on ice. The absorbance was measured
at 532 nm and 600 nm. Final MDA content was calculated using extinction coefficient
155 mM−1cm−1.

2.3.2. Hydrogen Peroxide (H2O2) Content

A protocol published by [47] was used to determine H2O2 content. The leaf sample
(1 g) was ground in 10 mL of 0.1% TCA solution followed by centrifugation at 12,000× g
for 10 min. The reaction was prepared by adding 0.5 mL of each of the supernatant and
potassium phosphate buffer and 1 mL of potassium iodide. Absorbance was measured at
390 nm and H2O2 was calculated by comparing the absorbance with the standard curve
drawn from H2O2.

2.3.3. Total Free Amino Acids (TFA) Content

The protocol devised by [48] was used for the estimation of TFAs. Leaf tissue (0.5 g)
was ground in 5 mL of 0.1 M phosphate buffer (pH 7) and centrifuged at 12,000× g for
10 min. The reaction was prepared by adding 1 mL of each supernatant, 2% ninhydrin
solution, and 10% pyridine and incubated at 100 ◦C for 30 min. The reaction was terminated
by placing it on ice immediately and absorbance was measured at 570 nm. The TFA content
was calculated using the leucine standard curve.

2.3.4. Total Soluble Protein (TSP) Content

Total soluble proteins (TSPs) were determined by using a method developed by [49].
The leaf sample (0.5 g) was homogenized in 0.1 M phosphate buffer (pH 7) followed by
centrifugation at 12,000× g for 10 min. Then, 2 mL of Bradford reagent was mixed with
200 µL of supernatant and the reaction was incubated at room temperature for 5 min. The
absorbance was measured at 595 nm within 30 min. The TSP content was calculated by
comparing the absorbance values with the standard curve drawn from BSA.

2.3.5. Phenolic Compounds

Total phenolic content was measured using the method of [50]. Around 0.5 g leaf
sample was extracted in 80% acetone followed by centrifugation at 12,000× g for 10 min.
The reaction mixture was prepared by adding 1 mL of supernatant to 5 mL of FC reagent
(1:10) and mixing well. Afterwards, 4 mL of Na2CO3 (7.5% w/v) was added and the reaction
mixture was incubated at room temperature for 30 min. The absorbance was measured at
750 nm. Total phenolic content was calculated by comparing the absorbance values with
the standard curve drawn from gallic acid.

2.4. Antioxidant Assays

For antioxidant assays, 0.5 g leaf tissue was ground in 0.1 M phosphate buffer (pH 7.8)
followed by centrifugation at 12,000× g and 4 ◦C for 10 min to obtain supernatant. The
supernatant was then used for all antioxidant assays.

The NBT method was used for the determination of superoxide dismutase (SOD)
content following the protocol of [51]. The 3 mL assay volume containing 50 mM phosphate
buffer (pH 7.8), 2 mM EDTA, 9.9 mM methionine, 55 µM NBT, and 0.025% triton-X100
was prepared. Afterwards, 50–100 µL of enzyme extract and 20 µL of 1 mM riboflavin
were added and the reaction was initiated by placing the test tubes under 15 W fluorescent
light for 15 min. The absorbance was measured at 560 nm wavelength for 2 min. In the
calculations, 50% inhibition in the photo-reduction of NBT was considered as 1 unit of SOD.

For peroxidase (POD) estimation, a protocol devised by [52] was followed. A 3 mL
reaction was prepared containing 50 mM phosphate buffer (pH 5), 20 mM guaiacol, 40 mM
H2O2, and 50–100 µL crude enzyme extract. The absorbance was measured at 470 nm for
2 min. An extinction coefficient of 26.6 mM−1cm−1 was used to calculate the enzyme activity.



Metabolites 2024, 14, 179 6 of 24

Catalase (CAT) assay was performed according to [53]. The reaction volume of 3 mL
was prepared containing 50 mM phosphate buffer (pH 7), 5.9 mM H2O2, and 50–100 µL
crude enzyme extract. The optical densities were measured at 240 nm for 2 min and enzyme
activity was calculated using extinction coefficient 0.036 mM−1cm−1.

For ascorbate peroxidase (APX) activity, a protocol developed by [54] was followed.
The reaction volume (3 mL) was prepared containing 50 mM phosphate buffer (pH 7),
0.1 mM EDTA, 12 mM H2O2, 0.25 mM ascorbic acid, and 50–100 µL enzyme extract. The
absorbance was measured at 290 nm for 2 min. Enzyme activity was measured using an
extinction coefficient of 2.8 mM−1cm−1.

2.5. RNA Extraction, cDNA Synthesis and qPCR Analysis

RNA extraction of plant tissues was performed manually using a tri-reagent from
Molecular Research Center lnc. (MRC) as per supplier instructions. The quality and
integrity of RNA were confirmed using a NanoDrop™ 2000/2000c spectrophotometer
(Thermo Scientific Inc., Waltham, MA, USA) and 1.2% agarose gel electrophoresis. Residual
DNA contamination was removed by treating RNA with RNase-free DNase I (Thermo
Scientific Inc.) and dilutions were made so that each sample contained an equal amount of
RNA. For this process, 5 µg of RNA was used to synthesize cDNA using a RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific Inc.). Four genes from B. juncea were selected
based on their higher CPKM (counts per kb per million reads) values as reported by [42].
The genes from B. napus were selected based on the highest protein sequence similarity
with the selected B. juncea genes. Gene-specific primers were designed using the Primer
3 online tool and synthesized commercially (Table S1). A Bio-Rad CFX96 touch real-time
PCR detection system was used for performing qPCR. The qPCR reaction was prepared
by adding 6.25 µL of 2X bright green master mix from Applied Biological Material lnc.,
Richmond, BC, Canada, 0.25 µL of each of the forward and reverse primer stock (10 µM),
3–4 µL of cDNA template, and nuclease-free water to make a total volume of 12.5 µL. PCR
conditions followed were 95 ◦C for 5 min followed by 40 cycles of 95 ◦C for 30 s, 55 ◦C for
30 s, and 72 ◦C for 30 s. Melt curve analysis was then performed by increasing temperature
from 55 ◦C to 95 ◦C and finally keeping at 95 ◦C for 5 s. Expression of target genes was
normalized relative to expression of the Actin gene as an internal control. The experiment
was performed in triplicate. Relative expression of the target genes was calculated by the
2−∆∆CT method using the following formulas:

∆CT(test) = CT(target, test) − CT(reference, test)

∆CT(calibrator) = CT(target, calibrator) − CT(reference, calibrator)

∆∆CT = ∆CT(test) − ∆CT(calibrator)

2−∆∆CT = Normalized expression ratio

2.6. Measurement of Seed Glucosinolates Content

Seed glucosinolates content was measured using the non-destructive near-infrared
reflectance spectroscopy (NIRS) method. For this purpose, the DA 7250 At-Line NIR process
analyzer was used. The instrument was calibrated using an oilseed of known glucosinolate
concentrations. As a statistical approach. partial least square regression (PLSR) was used to
establish the relationship between spectral data and glucosinolate concentration. Approx.
30 g seed was used for the measurement of glucosinolate contents.

2.7. Statistical Analyses

Statistical analyses were performed using R Environment 4.1.3 for Windows. The
metabolite, glucosinolate, and gene expression data were analyzed for significance using
one- or two-way ANOVA followed by Tukey’s HSD (honest significant difference) post
hoc test for pairwise comparison of means between different groups. Generalized linear
regression models were developed using a forward selection method to determine the key
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genes involved in loading glucosinolates into the seed. Starting with a null model, forward
selection identified the most significant genes in each plant part to include in the model,
based on the Akaike Information Criterion (AIC) value. The process was repeated multiple
times for each gene, selecting the most effective models with n + 1 genes compared with the
current model with n genes, based on AIC value. The process was stopped when none of
the remaining genes significantly improved the estimation of glucosinolate concentration
at a 5% significance level [55].

3. Results
3.1. Bioinformatics Analysis
3.1.1. Identification of GTR Genes in Brassica Complex

The putative protein sequences corresponding to GTR genes were sourced from
Brassica species using Arabidopsis sequences of GTR1 and GTR2 proteins as templates.
A total of 54 putative protein sequences were identified, with 27 associated with each
template. In the case of GTR proteins from Arabidopsis, six and twelve sequences were
retrieved from each diploid and amphidiploid species, respectively. The characteristics of
these proteins, including amino acid length, protein weight, isoelectric point, and GRAVY
values, exhibited ranges of 526 to 740 amino acids, 57.9 to 81.4 kilodaltons, 8.61 to 9.54, and
0.106 to 0.452, respectively. Notably, all GTR proteins were consistently observed to be
localized on the plasma membrane (Table S2).

3.1.2. Phylogenetic Analysis of GTR Proteins in Brassica Complex

The phylogenetic tree constructed for GTR proteins across six Brassica species and Ara-
bidopsis (Figure 1) reveals distinct clustering patterns, forming two major clades, Clade 1
and Clade II, delineated by GTR1 and GTR2, respectively, indicating a divergent evolution
of these orthologues in Brassica. Within each of these primary groups, further subdivisions
occur, resulting in the formation of three distinct subgroups. Remarkably, each subgroup
within both clades encompasses a cohesive set of GTR orthologues. Within these groups,
an intriguing pattern emerges where GTR orthologues of one type appear together. Based
on this grouping, three distinct variants were identified within each clade, each exclusively
present in subgroups labelled A, B, and C, respectively. This organization underscores the
evolutionary relationships and divergence of GTR proteins among the studied Brassica
species and Arabidopsis, suggesting both conserved and divergent functions across these
taxa. Such a detailed categorization sheds light on the intricate evolutionary dynamics and
functional diversification of GTR genes within this plant lineage.

In addition to the observed clustering patterns, another notable trend emerged regard-
ing the relationship between tetraploid and diploid varieties. Interestingly, the GTRs of
tetraploid species exhibit a higher degree of relatedness to each other compared with their
diploid parental counterparts. This observation suggests a possible divergence in GTR evo-
lution following polyploidization events, wherein tetraploid species may have undergone
distinct evolutionary trajectories leading to greater similarity amongst their GTRs. This
phenomenon underscores the complex interplay between polyploidization events and the
evolutionary dynamics of gene families within Brassica species and Arabidopsis. Further
investigation into the functional implications of these divergent evolutionary paths could
provide valuable insights into the adaptive mechanisms underlying the evolution of GTRs
in polyploid plant lineages.

A multiple sequence alignment of GTR proteins from Arabidopsis, B. juncea, and
B. napus was conducted using the MUSCLE online alignment tool to explore the similarities
and differences at the amino acid level (Figure S1). The sequence similarity (%) between
the proteins ranged from 73.5% to 99.8%, indicating high similarities among the GTRs
(Table 1). To illustrate the distinctions among the GTRs, divergence percentages were calcu-
lated through pairwise distances. Remarkably similar proteins exhibited low divergence
percentages, while those with greater differences showed higher values. Additionally, the
non-synonymous–synonymous (Ka/Ks) substitution ratio was calculated to investigate
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the selection pressure on GTR genes. All gene pairs showed a Ka/Ks ratio of less than 1,
suggesting the prevalence of purifying selection, which indicates the removal of deleterious
alleles during evolution (Table S3).
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Figure 1. Phylogenetic tree of GTR proteins from six Brassica species of U’s triangle (B. carinata,
B. juncea, B. napus, B. nigra, B. oleracea, and B. rapa) and Arabidopsis. A phylogenetic tree was
constructed in MEGA7 using the unrooted neighbor-joining (NJ) method and 1000 bootstrap values.
Different phylogenetic clades are represented in different colours. The numbers I and II represent
GTR1 and GTR2 protein groups, respectively, and A, B, and C represent further phylogenetic
subclades among GTR1 and GTR2 proteins. The accession numbers for query proteins are given as
follows: AtGTR1 (AT3G47960.1), BolGTR1C1 (BolC3t18961H), BolGTR1C2 (BolC1t03184H), BolGTR1C3
(BolC8t51846H), BniGTR1B1 (BniB08g061180.2N), BniGTR1B2 (BniB06g024230.2N), BniGTR1Bn3
(BniB05g052360.2N), BraGTR1A1 (BraA06g019540.3.5C), BraGTR1A2 (BraA06g025210.3.5C), BraGTR1A3
(BraA01g025200.3.5C), BnaGTR1A1 (A06p19700.1_BnaDAR), BnaGTR1A2 (A06p27390.1_BnaDAR),
BnaGTR1A3 (A01p25730.1_BnaDAR), BnaGTR1C1 (C03p72210.1_BnaDAR), BnaGTR1C2
(C03p66900.1_BnaDAR), BnaGTR1C3 (C01p32480.1_BnaDAR), BjuGTR1A1 (BjuVA06G19500),
BjuGTR1A2 (BjuVA06G26150), BjuGTR1A3 (BjuVA01G26580), BjuGTR1B1 (BjuVB08G47510),
BjuGTR1B2 (BjuVB06G23560), BjuGTR1B3 (BjuVB05G42900), BcaGTR1B1 (BcaB01g00859), BcaGTR1B2
(BcaB02g10681), BcaGTR1B3 (BcaB05g23096), BcaGTR1C1 (BcaC01g01757), BcaGTR1C2 (BcaC01g02298),
BcaGTR1C3 (BcaC09g49832), AtGTR2 (AT5G62680.1), BolGTR2C1 (BolC2t12292H), BolGTR2C2
(BolC3t18666H), BolGTR2C3 (BolC9t53791H), BniGTR2B1 (BniB04g002130.2N), BniGTR2B2
(BniB06g010940.2N), BniGTR2B3 (BniB07g041760.2N), BraGTR2A1 (BraA02g045700.3.5C), BraGTR2A2
(BraA06g027380.3.5C), BraGTR2A3 (BraA09g007530.3.5C), BnaGTR2A1 (A02p42460.1_BnaDAR),
BnaGTR2A2 (A06p29420.1_BnaDAR), BnaGTR2A3 (A09p07810.1_BnaDAR), BnaGTR2C1 (C02p62380.1
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_BnaDAR), BnaGTR2C2 (C03p64110.1_BnaDAR), BnaGTR2C3 (C09p08780.1_BnaDAR), BjuGTR2A1
(BjuVA02G47610), BjuGTR2A2 (BjuVA06G28410), BjuGTR2A3 (BjuVA09G07610), BjuGTR2B1
(BjuVB04G01960), BjuGTR2B2 (BjuVB06G11810), BjuGTR2B3 (BjuVB07G18470), BcaGTR2B1
(BcaB02g09673), BcaGTR2B2 (BcaNung01385), BcaGTR2B3 (BcaB07g29850), BcaGTR2C1
(BcaC01g02504), BcaGTR2C2 (BcaC03g18168), BcaGTR2C3 (BcaC04g23397).

The phylogenetic tree was also developed with the same proteins in MEGA7 using
the NJ method (Figure 2A) to explain the inter-relationship of Arabidopsis, B. juncea, and
B. napus only and to relate their phylogenetic relationship with their gene structure, domain
analysis, and motif analysis.
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Figure 2. Phylogenetic relationship, intron/exon organization, domain, and motif analysis of GTR
proteins from B. juncea, B. napus, and Arabidopsis. (A) A phylogenetic tree of GTR proteins was
constructed in MEGA7 using full-length protein sequences of B. juncea, B. napus, and Arabidopsis,
employing the unrooted neighbor-joining (NJ) method and 1000 bootstrap values. Black, red, and
green colors represent Arabidopsis, B. juncea, and B. napus proteins, respectively. (B) domain analysis
and intron/exon organization of GTR proteins from B. juncea, B. napus, and Arabidopsis. Domain
analysis was performed by submitting the full-length protein sequences to NCBI- Conserved Domain
Database (NCBI-CDD), further selecting the Pfam v34.0—19178 PSSMs database. Intron/exon
organization of GTR genes’ and domains’ positions were drawn in Gene Structure Display Server
(GSDS) by submitting the full length and coding DNA sequences of GTR genes and the BED
file for the location of domains, selecting the proteins’ ordinates. Dark blue-colored rounded
rectangles represent untranslated regions (UTRs), and solid black lines and yellow-colored rounded
rectangles represent introns and exons, respectively. Green- and purple-colored rounded rectangles
represent PTR2 and MFS_2 domains, respectively. Numbers I to V indicate different phylogenetic
groups. (C) Motif analysis was performed using MEME suite 5.5.4 and a total of 15 statistically
significant motifs were identified among the query proteins, which are represented by different
colors as given in the legend. The accession numbers of the query proteins are given as follows:
AtGTR1 (AT3G47960.1), BnaGTR1A1 (A06p19700.1_BnaDAR), BnaGTR1A2 (A06p27390.1_BnaDAR),
BnaGTR1A3 (A01p25730.1_BnaDAR), BnaGTR1C1 (C03p72210.1_BnaDAR), BnaGTR1C2
(C03p66900.1_BnaDAR), BnaGTR1C3 (C01p32480.1_BnaDAR), BjuGTR1A1 (BjuVA06G19500),
BjuGTR1A2 (BjuVA06G26150), BjuGTR1A3 (BjuVA01G26580), BjuGTR1B1 (BjuVB08G47510),
BjuGTR1B2 (BjuVB06G23560), BjuGTR1B3 (BjuVB05G42900), BnaGTR2A1 (A02p42460.1_BnaDAR),
BnaGTR2A2 (A06p29420.1_BnaDAR), BnaGTR2A3 (A09p07810.1_BnaDAR), BnaGTR2C1
(C02p62380.1_BnaDAR), BnaGTR2C2 (C03p64110.1_BnaDAR), BnaGTR2C3 (C09p08780.1_BnaDAR),
BjuGTR2A1 (BjuVA02G47610), BjuGTR2A2 (BjuVA06G28410), BjuGTR2A3 (BjuVA09G07610),
BjuGTR2B1 (BjuVB04G01960), BjuGTR2B2 (BjuVB06G11810), BjuGTR2B3 (BjuVB07G18470).
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Table 1. Pairwise sequence similarity and divergence between GTR proteins from Arabidopsis, B. napus, and B. juncea. Values in blue and grey colour indicate
similarity and divergence, respectively. The intensity of the colour corresponds to the magnitude of the value.
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AtGTR1 81.4 86.4 85.1 80.7 86.3 85.1 80.4 81.2 78.2 77.9 81.1 81.2 77.7 86.4 85.3 83.1 86.3 85.6 83.2 81.2 81.2 77.9 81.2 80.9 78.5
AtGTR2 18.2 79.2 79.7 77.0 79.0 79.8 77.0 92.5 92.2 85.5 92.3 92.2 85.4 79.2 80.3 77.1 78.5 79.7 77.9 92.5 92.2 85.0 92.7 92.2 86.1

BnaGTR1A1 12.9 19.6 89.7 88.0 99.2 89.9 87.7 80.3 79.8 77.2 80.2 79.8 78.3 99.8 90.2 88.4 96.9 89.9 88.4 80.5 79.8 77.5 80.0 80.0 78.3
BnaGTR1A2 14.3 18.4 7.7 85.4 89.4 98.6 85.2 81.0 79.8 77.3 80.8 79.8 76.9 89.7 99.2 85.4 89.0 96.4 87.2 81.0 79.8 77.3 80.8 79.7 77.3
BnaGTR1A3 17.3 21.8 10.3 12.0 87.9 85.5 97.5 77.5 77.8 74.0 77.3 77.8 74.5 88.0 85.4 99.7 88.9 85.4 94.5 77.6 77.8 75.3 77.1 77.5 74.8
BnaGTR1C1 13.4 20.1 0.4 8.2 10.7 89.5 87.4 80.2 79.7 76.9 80.0 79.7 77.2 99.4 89.9 88.2 96.8 89.5 88.2 80.3 79.7 77.3 79.8 79.8 78.2
BnaGTR1C2 14.5 18.4 7.7 1.2 12.0 8.2 85.4 81.0 79.8 77.1 80.8 79.8 76.9 89.9 98.9 85.5 89.2 98.9 87.2 81.0 79.8 77.3 80.8 79.7 77.3
BnaGTR1C3 17.5 22.0 10.7 12.5 2.0 11.2 12.5 77.3 77.8 73.5 77.1 77.8 74.2 87.7 85.7 97.9 88.4 85.5 94.3 77.5 77.8 74.5 77.0 77.5 74.3
BnaGTR2A1 18.0 6.7 17.7 17.0 21.1 18.2 17.0 21.5 94.8 88.4 99.8 94.8 88.2 80.3 81.3 77.6 79.5 81.6 78.4 99.8 94.8 86.9 99.8 94.6 89.9
BnaGTR2A2 18.4 7.3 18.7 19.4 21.3 19.1 19.1 21.5 4.0 87.9 94.6 89.4 81.2 81.0 80.2 78.0 79.3 79.8 77.8 94.8 99.8 87.9 94.6 97.9 86.9
BnaGTR2A3 23.0 13.8 22.5 21.8 25.5 22.8 21.8 26.3 11.2 11.0 88.2 87.9 97.7 77.2 77.4 74.2 76.6 77.9 74.9 88.6 87.9 96.2 88.4 88.1 94.1
BnaGTR2C1 18.2 6.9 18.0 17.3 21.3 18.4 17.3 21.8 0.2 4.2 11.4 94.6 88.1 80.2 81.2 77.5 79.3 81.5 78.2 99.8 94.6 86.7 97.9 94.4 89.8
BnaGTR2C2 18.7 7.3 18.9 19.4 21.3 19.4 19.1 21.5 4.0 0.2 11.0 4.2 87.7 79.8 80.2 78.0 79.3 81.0 78.2 94.8 89.4 86.9 94.2 97.7 89.4
BnaGTR2C3 22.5 13.8 22.0 22.0 24.7 22.3 22.0 25.2 11.6 11.2 2.0 11.8 11.2 77.5 77.2 74.7 76.9 78.0 75.7 88.4 87.7 95.8 88.1 87.9 94.6
BjuGTR1A1 12.9 19.6 0.0 7.7 10.3 0.4 7.7 10.7 17.7 18.7 22.5 18.0 18.9 22.0 90.2 88.4 97.1 89.9 88.4 80.5 79.8 77.5 80.0 80.0 78.3
BjuGTR1A2 14.1 18.0 7.5 0.6 11.8 7.9 1.0 12.3 16.8 18.9 21.3 17.0 18.9 21.5 7.5 85.4 89.5 96.7 87.7 81.3 80.2 77.7 81.2 80.0 77.7
BjuGTR1A3 17.0 21.5 10.1 11.8 0.2 10.5 11.8 1.8 20.8 21.1 25.2 21.1 21.1 24.5 10.1 11.6 89.2 85.4 94.8 77.8 78.0 75.3 77.3 77.6 74.9
BjuGTR1B1 12.9 19.6 2.4 8.2 9.4 2.8 8.2 9.9 17.7 18.2 22.5 18.0 18.4 22.0 2.4 7.9 9.2 89.4 89.2 79.7 79.3 77.3 79.2 79.5 77.5
BjuGTR1B2 14.1 19.4 8.2 3.2 12.5 8.6 3.4 12.5 16.6 18.0 21.1 16.8 18.0 20.8 8.2 3.2 12.3 8.4 87.4 81.6 81.0 77.9 81.6 81.0 78.3
BjuGTR1B3 16.1 20.1 9.6 10.7 3.8 10.1 11.0 4.2 19.4 20.3 24.2 19.6 20.3 23.2 9.6 10.5 3.6 8.6 11.0 78.5 78.2 76.0 78.2 78.0 75.7
BjuGTR2A1 18.0 6.7 17.7 17.0 21.1 18.2 17.0 21.5 0.0 4.0 11.2 0.2 4.0 11.6 17.7 16.8 20.8 17.7 16.6 19.4 94.8 86.9 98.0 94.6 90.1
BjuGTR2A2 18.4 7.3 18.7 19.4 21.3 19.1 19.1 21.5 4.0 0.0 11.0 4.2 0.2 11.2 18.7 18.9 21.1 18.2 18.0 20.3 4.0 86.9 94.6 97.9 89.4
BjuGTR2A3 24.7 16.3 25.0 24.2 27.3 25.2 24.2 28.3 14.1 13.8 4.0 14.3 13.8 4.4 25.0 23.7 27.3 25.0 23.5 26.3 14.1 13.8 87.3 87.3 91.7
BjuGTR2B1 18.0 6.5 18.4 17.0 21.5 18.9 17.0 22.0 1.6 4.2 11.0 1.8 4.2 11.4 18.4 16.8 21.3 18.4 16.6 19.6 1.6 4.2 13.6 94.4 89.6
BjuGTR2B2 18.4 7.5 18.2 19.1 21.1 18.7 18.9 21.3 4.8 1.2 11.0 5.0 1.4 11.2 18.2 18.7 20.8 17.7 17.5 19.8 4.8 1.2 13.6 5.0 89.4
BjuGTR2B3 22.5 12.7 21.8 22.5 25.2 22.3 22.5 25.7 9.4 9.0 6.1 9.6 9.0 5.8 21.8 22.0 25.0 22.0 21.3 24.0 9.4 9.0 8.8 9.4 9.4
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3.1.3. Intron/Exon Composition of GTR Genes

The gene structures of GTR genes were determined using the GSDS online tool, reveal-
ing a conserved pattern of exon numbers across all genes, mirroring the four-exon structure
seen in Arabidopsis GTR genes (Figure 2B). Notably, BjuGTR2A3 displayed a unique pattern
with an additional, comparatively small exon in addition to the four parental exons. How-
ever, variations in gene sizes were observed, particularly in genes with long introns such as
BnaGTR2C1, BjuGTR2B2, and BjuGTR2A3. Interestingly, while Arabidopsis GTRs contained
untranslated regions (UTRs), not all Brassica genes exhibited this feature. Furthermore,
genes within the same phylogenetic groups generally shared similar genetic organizations,
indicative of their close evolutionary relationships. Exceptions were observed, notably in
Group I where all genes contained UTRs, contrasting with the absence of UTRs in all genes
from Group II. Similarly, while most genes in Groups III and V included UTRs, exceptions
like BjuGTR1B2 in Group III lacked a 5′ UTR, and BjuGTR2A3 lacked a 3′ UTR, highlighting
additional structural diversity within these phylogenetic clusters.

3.1.4. Domain Analysis of GTR Proteins

Protein sequences underwent domain analysis using the NCBI Conserved Domain
Database (NCBI-CDD) and the Pfam v340-19178 PSSMs database. All GTR proteins were
found to feature the conserved peptide transporter (PTR2, pfam00854) domain, essential for
transport activity. Additionally, some proteins contained the major facilitator superfamily
(MFS_1, pfam07690) domain, implicated in transport functions. In Arabidopsis, MFS_1
was exclusive to GTR2, while in B. juncea and B. napus, certain GTR proteins possessed
this domain. The clustering of proteins with similar gene structures and domain presence
in phylogenetic groups suggests close relationships. Both the PTR2 and MFS_1 domains
belong to the major facilitator superfamily (MFS superfamily, cl28910), facilitating diverse
molecule transport across membranes (Figure 2B).

3.1.5. Motif Analysis of GTR Proteins

Motif analysis was conducted using MEME suit v5.5.4 and visualized with Tbtools.
Conserved motifs were identified in all GTR proteins, with some exceptions (Figure 2C).
Motifs 1-4, 6–8, and 11 were conserved across all GTR proteins. Motif lengths varied, with
motifs 1–4, 6, and 8 being the longest at 60 amino acids (aas) while motifs 14 and 15 were
the shortest at 15 aas. Some motifs were absent in specific proteins, such as motif 10 in
AtGTR1 and motifs 5, 9, and 12 in BjuGTR2A3. Additionally, unique motifs were found in
AtGTR1 and BjuGTR2A3.

For functional annotation, motif sequences were analyzed using InterProScan. Motifs
1-3 and 8 were classified as members of the proton-dependent oligopeptide transporter
family (POT, IPR000109), also known as the peptide transporter family (PTR2, pfam00854),
and are homologous to the MFS general substrate transporter-like domain (IPR036259).
Motifs 4, 5, and 7 showed homology to the MFS general substrate transporter-like domain
but were not predicted by InterProScan. Motifs 3 and 7 also exhibited features of the
transmembrane helix (TMHMM: TMhelix), important for receptor function across lipid
bilayers. These motifs collectively contribute to transmembrane transporter activity. Motifs
10 and 13 were not classified into specific families but contained the MOBIDB_LITE feature,
associated with intrinsically disordered regions involved in cell signalling. Motifs 6, 9, 11,
12, 14, and 15 were unique with unknown functions, based on InterProScan results.

3.1.6. Cis-Regulatory Elements Analysis of GTR Genes

Promoter region analysis using the PlantCARE database revealed multiple light-
responsive elements (LRE) in all GTR genes, with a maximum of 14 copies in some genes
(Figure 3). The presence of anaerobic responsive elements (ARE) was widespread, except in
a few genes. Hormone-related cis-regulatory elements like abscisic acid-responsive element
(ABRE) and methyl jasmonate-responsive element (MeJARE) were abundant, while others
like salicylic acid-responsive element (SARE) were less frequent. Stress-related elements
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showed uneven distribution, with the low-temperature regulatory element (LTRE) being
the most common. Tissue-specific expression elements such as meristem expression-related
element (MERE) were present in most promoters, indicating tissue-specific regulation.
Other regulatory elements such as zein metabolism-related elements (ZMRE) and circadian
clock-related elements (CCRE) were also identified, highlighting the diverse roles of GTR
genes in plant metabolism, growth, development, and stress responses (Figure 3).
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Figure 3. Cis-acting elements analysis of the promoter regions of the GTR genes from Arabidopsis,
B. juncea, and B. napus. The cis-regulatory element analysis was performed by submitting the 2 kb
upstream regions of the GTR genes to the PlantCARE database. Different cis-acting elements are
represented by different colored rectangles, as per legend. The cis-acting elements are abbreviated as
follows: auxin-related responsive element (AuxRE), light-responsive element (LRE), low-temperature
related element (LTRE), endosperm expression regulatory element (EERE), meristem specific activa-
tion regulatory element (MARE), anaerobic induction element (ARE), meristem specific regulatory
element (MERE), zein metabolism regulatory element (ZMRE), drought inducibility element (DRE),
abscisic acid-responsive element (ABRE), methyl jasmonate-responsive element (MeJARE), gibberellic
acid-responsive element (GARE), defense- and stress-related element (DSRE), circadian control regu-
latory element (CCRE), salicylic acid-responsive element (SARE), responsive element for auxin free
medium (AuxFRE), cell division regulatory element (CDRE), anoxic specific inducibility element (AnRE).

3.2. Effect of NaCl Stress on Different Metabolites

We evaluated various metabolites, including hydrogen peroxide (H2O2), malondi-
aldehyde (MDA), total phenolics, total free amino acids (TFA), and total soluble proteins
(TSP), to understand oxidative stress, antioxidant capacity, and cellular responses (Figure 4).
H2O2 concentration, indicating oxidative stress, increased significantly (p < 0.05) under
salt stress in both species, with B. napus showing a more pronounced increase (Figure 4A).
Lipid peroxidation, measured via MDA, increased significantly (p = 0.0001) under salt
stress, particularly in B. napus (Figure 4B). Total phenolics increased significantly at higher
NaCl concentrations (Figure 4C). TFA concentration rose dramatically at 100 mM salt
concentration, decreasing at 200 mM (Figure 4D). TSP levels increased at 100 mM stress but
decreased at 200 mM in both species (Figure 4E). The species, NaCl, and their interaction
effects on these metabolites are detailed in Table S4a.
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Figure 4. Effect of NaCl stress on the biochemical parameters of B. juncea and B. napus. B. juncea (black
lines) and B. napus (red lines) plants were grown under 0, 100, and 200 mM NaCl stress and were
used for sample collection. (A) H2O2 content, (B) MDA content, (C) phenolic compounds, (D) total
free amino acids (TFAs), (E) total soluble proteins (TSPs). Data points represent the means ± SD
of three biological replicates. Significant differences are shown with different asterisks (***, **, * at
p = 0.0001, 0.001, and 0.01, respectively.).

3.3. Effect of NaCl on Enzymatic Antioxidant Activities

The activities of different antioxidant enzymes such as peroxidase (POD), superoxide
dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) in B. juncea and B. napus
plants under varying NaCl concentrations (0, 100, and 200 mM) were measured to assess
the plants’ responses to cope with the salinity stress (Figure 5).

The POD activity was significantly increased (p ≤ 0.0001) under salt stress conditions
in both species. The increase in POD levels was more pronounced in B. juncea (23.5% and
54.4% at 100 and 200 mM, respectively) compared with that in B. napus (17.6% and 28% at
100 and 200 mM, respectively) (Figure 5A). The SOD activity was also increased in both
species in a dose-dependent manner. The changes in B. juncea were much higher than those
in B. napus (Figure 5B). Changes in CAT and APX activities were also observed but they
were statistically non-significant (Figure 5C,D). The effects of species, NaCl treatment, and
their interaction are indicated in Table S4b.
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Figure 5. Effect of NaCl stress on the enzymatic antioxidant activities in B. juncea and B. napus.
B. juncea (green box) and B. napus (orange box) plants were grown under 0, 100, and 200 mM NaCl
stress and were used for sample collection. (A) Peroxidase, (B) superoxide dismutase, (C) catalase,
(D) ascorbate peroxidase. Data points represent the means ± SD of three biological replicates (Tukey’s
HSD, p < 0.05). Significant differences are shown with different asterisks (***, at p = 0.0001).

3.4. Effect of NaCl on Selected GTR Genes in Different Tissues

Salinity stress is a major abiotic stress affecting Brassica yield and quality. This exper-
iment was designed to investigate the effects of salinity on the expression of GTR genes
in different tissues involved in the transport of glucosinolates into seed. Previously, the
expression of several GTR genes in different parts of the plant has been reported [42]. Based
on values reported in the literature, 4 out of the 12 GTR homologues present in Brassica were
selected to investigate their contribution to glucosinolate concentration under NaCl stress.
The GTR genes displayed variable expression patterns under mild and high salinity levels
and in all tissues under investigation. The expression of GTR genes varied under mild and
high salinity levels in all tissues examined (Figure 6). In B. juncea, BjGTR1B1 expression
increased in roots but remained unaffected elsewhere. BnGTR1A2 expression decreased
in roots, stems, and flowers, but increased in siliques of B. napus at both salinity levels.
GTR2A2 exhibited similar patterns in siliques and flowers but opposite patterns elsewhere
in both species. GTR2A1 was highly induced in B. juncea roots under increased NaCl levels
while showing mild changes in B. napus. BjGTR2B1 expression increased in roots, stems,
and flowers of B. juncea, but decreased in leaves and siliques. BnGTR2C2 expression was
significantly reduced in roots, flowers, and siliques of B. napus under NaCl stress.
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3.5. Determining the Effect of GTR Gene Expression on the Loading of Glucosinolates into the Seed

Utilizing the forward stepwise selection method, statistical models were constructed to
elucidate the influence of specific genes on seed glucosinolate (Table 2). These models shed
light on the distinct roles of specific GTR genes in mediating glucosinolate transportation
in Brassica species. Notably, GTR2A2 demonstrated substantial expression in both stems
(52.57%) and roots (60.52%), suggesting its crucial involvement in facilitating glucosino-
late transport within these tissues. Despite GTR2A2’s expression not reaching statistical
significance (p > 0.05), its inclusion in the model lowered the Akaike information criterion
(AIC) value from 104.06 to 102.76. The Akaike information criterion (AIC) is a measure
used for model selection that balances the goodness of fit of the model with its complexity.
When comparing two models, a difference in AIC values (∆AIC)~2 is generally considered
substantial evidence in favor of the model with the lower AIC value. GTR2B1/C2 exhibited
significant expression exclusively in flowers (p = 0.001), indicating its role in regulating
glucosinolate loading during reproductive phases. GTR2A1 displayed notable expression
in flowers (45.33%) and roots (58.82%), suggesting its dual influence on glucosinolate trans-
port in both reproductive and underground tissues. Finally, GTR1A2/B1 showed significant
expression in roots (p = 0.04), emphasizing its importance in glucosinolate loading within
tissues responsible for anchorage and structural support. Despite GTR1A2/B1’s lack of
statistical significance in the stem, its inclusion in the model led to a reduction in AIC value
from 106.00 to 103.43, indicating its influence.
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Table 2. Statistical model to explain seed glucosinolates content.

Gene Coefficients Estimate Standard
Error t-Value Pr (>|t|) Significance Cumulative %

Variance Explained

(Intercept) 137.31 5.67 24.2 1.3 × 10−14 *** -

GTR2A2 1
Stem 21.46 7.84 2.73 0.0153 * 52.57

Root 0.93 0.53 1.73 0.1027 — 60.52

GTR2B1/C2 2 Flower 14.73 3.69 3.98 0.0010 ** 49.83

GTR2A1 3
Flower 19.01 8.50 2.23 0.0409 * 45.33

Root 9.54 4.30 2.21 0.0425 * 58.82

GTR1A2/B1 4
Root 2.22 1.00 2.22 0.0417 * 47.17

Stem 16.59 7.96 2.08 0.0548 — 59.02
1 Residual standard error: 16.1 on 15◦ of freedom, multiple R-squared: 0.6052, adjusted R-squared: 0.5526.
2 Residual standard error: 17.58 on 16 degrees of freedom, multiple R-squared: 0.4983, adjusted R-squared: 0.4669.
3 Residual standard error: 16.44 on 15 degrees of freedom, multiple R-squared: 0.5882, adjusted R-squared: 0.5333.
4 Residual standard error: 16.41 on 15 degrees of freedom, multiple R-squared: 0.5902, adjusted R-squared: 0.535.
Significant differences are shown with different asterisks (***, **, * at p = 0.0001, 0.001, and 0.01, respectively).

3.6. Predicting the Effect of NaCl Stress on Glucosinolates Content of B. napus and B. juncea

A two-factor analysis of variance (ANOVA) was conducted to investigate the signifi-
cance of species and NaCl (salt) stress on seed glucosinolate concentration. Species variation
reflects the genetic diversity within the Brassica genus, which can lead to differences in
glucosinolate profiles among different species. On the other hand, NaCl stress represents an
environmental factor that can trigger physiological responses in plants, potentially altering
their biochemical composition, including glucosinolate levels.

The ANOVA revealed that both species and NaCl stress significantly (p < 0.05) affected
seed glucosinolate concentration. Species accounted for the majority (96%) of the variance
in glucosinolate content (F = 1900.88, p = 2 × 10−16; Table S4d), highlighting the strong
influence of genetic factors on this trait. This observation reflects the importance of genotype
in determining the chemical composition of Brassica seeds. Understanding the genetic
basis of glucosinolate production could facilitate breeding programs aimed at developing
cultivars with enhanced nutritional quality and stress tolerance. While species had a
dominant effect, NaCl stress also had a significant but minor impact, explaining only 0.04%
of the variance in seed glucosinolate concentration (F = 4.50; p = 0.014). This suggests
that while environmental stressors like salt can influence glucosinolate levels to some
extent, their contribution is relatively small compared with genetic factors. Nonetheless,
understanding how environmental stressors interact with genetic factors to modulate
glucosinolate production is essential for developing resilient crop varieties capable of
thriving under adverse conditions.

In order to delve deeper into the impact of NaCl on seed glucosinolates, we employed
a generalized linear model. In this model, the species variable was intentionally omitted as
a term. By excluding species as a variable, we aimed to isolate the specific influence of each
NaCl stress level on seed glucosinolates. This approach allowed us to discern and quantify
the individual effects of different NaCl concentrations on the composition and abundance
of seed glucosinolates, providing insights into the underlying mechanisms of response
to salinity stress. (Figure 7). The model revealed contrasting responses of each species
to NaCl stress. In B. juncea, there was a positive correlation between NaCl stress levels
and seed glucosinolate content, indicating that higher salt concentrations led to increased
glucosinolate production. This response might be interpreted as a stress-induced defence
mechanism, where the plant produces more glucosinolates to protect itself under adverse
environmental conditions. Conversely, in B. napus, the opposite trend was observed, with
seed glucosinolate content decreasing as NaCl concentrations increased. This unexpected
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result suggests a potentially different physiological response in B. napus compared with B.
juncea when subjected to salt stress.
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Overall, these findings highlight the complex interplay between genetic factors, en-
vironmental stressors, and biochemical pathways regulating glucosinolate production
in Brassica plants. Understanding these dynamics is crucial for developing sustainable
agricultural practices and breeding strategies to enhance the nutritional quality and stress
resilience of Brassica crops.

4. Discussion

Brassica crops are known as an important source of nutritious vegetable oil and a
protein-rich animal feed [56,57]. Yet, the existence of anti-nutrients such as erucic acid in
seed oil and glucosinolates in the seed meal renders them unsuitable for human and animal
consumption due to health concerns [58,59]. Glucosinolates are defence compounds and
their synthesis takes place in different parts of the plant and are stored in the seed [60].
The transporters involved in the glucosinolate loading into the seed are under intensive
research as they offer a means to selectively reduce glucosinolate content in the seed,
without compromising their biosynthesis [39,42,43]. Reduction of glucosinolates is often
a requirement for developing seed cakes for animal consumption [43,61]. In this study,
we have conducted a genome-wide analysis of the key genes involved in the transport of
glucosinolates in two distinct Brassica species that exhibit significant differences in their
glucosinolate contents under NaCl stress.

The two GTR proteins, GTR1 and GTR2, identified in Arabidopsis were used as queries
to identify their orthologs in B. juncea and B. napus. The BLAST search yielded six orthologs
in diploid species and twelve orthologs in amphidiploid Brassicas. The expansion of the GTR
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gene family can be attributed to the whole genome triplication that took place during the
evolution of the Brassicaceae family, occurring approximately 9–15 million years ago [62,63].
This event preceded the divergence into diploid Brassica species, followed by additional
polyploidization in the case of amphidiploid Brassicas [64,65]. The species-specific divergent
evolution of GTR genes could possibly due to the duplication and polyploidization events
occurring in their evolutionary path. Duplication and polyploidization are significant
contributors to plant speciation and divergence as they result in the creation of novel gene
functions, and neo-functionalization of duplicated genes as well as recombination [66].
Furthermore, transpositions and structural variation might also play a role in the divergent
evolution of genes [67]. Genome-wide studies of various gene families in Brassicaceae have
consistently indicated their expansion compared with Arabidopsis. Notable examples
are not limited to but include APX, NPR, DOF, shattering genes, SOD, and PEBP [68–73].
Regarding amphidiploids, the presence of twelve genes suggests these species inherited
six genes from each of their parental species, corresponding to the GTR genes found in
Arabidopsis [42]. This is in line with the previous research conducted on other gene families
of B. juncea which showed that the allotetraploid Brassicas attained genes approximately
three times more than Arabidopsis [72]. Similar observations of gene duplications have
been reported in other polyploid crops, such as cotton and wheat [74,75].

Phylogenetic, gene structure, and motif analyses of GTR proteins revealed that the
majority of the GTR genes in B. juncea and B. napus retained their parental intron/exon
organization as observed in Arabidopsis, with some exceptions (Figure 2). These findings
were similar to those reported for the BjJAZ gene family in B. juncea [76]. A similar con-
servation of structural elements in the GTR gene family has been reported for other plant
species as well, such as Camelina sativa [77]. Domain analysis of GTR protein sequences
revealed a high degree of conservation for the crucial functional domain PTR2 in GTR
proteins. However, some of the proteins also attained new domains such as MFS_1, further
adding functional diversity to the GTR proteins [78,79]. Previously, these domains were
found to be responsible for the broad glucosinolate specificity of GTR genes with no dis-
crimination against amino acid side chains that are aliphatic or indolic, etc. [41]. However,
a new GTR3 gene has been identified in Arabidopsis which was found to be specifically
involved in the transport of indolic glucosinolates [80]. The promoter analysis of GTR genes
(Figure 3) indicated the presence of various cis-regulatory elements, which are implicated
in the transcriptional regulation of gene expression across a range of biological processes.
These processes include developmental processes, responses induced by hormones, and
stress-related responses [81,82]. The presence of cis-regulatory elements associated with
signalling molecules like JA, SA, and related elements suggests a role for GTR genes in
stress conditions, highlighting a degree of specificity. This observation reinforces the con-
cept of neofunctionalization occurring after genome duplication and triplication during
speciation and evolution [72].

Biochemical analyses for the accumulation of various metabolites such as H2O2 and
MDA revealed the sensitivity of genotypes to NaCl stress conditions. For example, the
levels of MDA and H2O2 were more pronounced in B. napus, indicating the sensitivity
of this species towards NaCl stress compared with B. juncea, which maintained relatively
lower levels of both the stress parameters. In Arabidopsis, the increased H2O2 levels
resulted in the induction of myrosinase-related genes which are involved in the hydrolysis
of glucosinolates [83]. Cell membrane damage caused by the increased MDA content may
also act as the signal for the activation of myrosinase enzymes to initiate glucosinolate
breakdown [84,85]. Likewise, the accumulation of total phenolics—non-enzymatic antioxi-
dants that help scavenge ROS—was also higher in B. napus compared with B. juncea plants
exposed to stress. Regarding osmoregulatory compounds like total free amino acids and
total soluble proteins, both Brassica species exhibited an increase in content at 100 mM
NaCl, followed by a sharp decline as the stress intensified to 200 mM NaCl. This rise
in solutes suggests the species’ adaptive response to survive under stress conditions by
producing elevated levels of these solutes during mild NaCl stress, aiming to prevent
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osmotic imbalance induced by the stress [86]. However, the decrease in the content of
these compounds at higher NaCl levels implies a shift in cellular processes toward the
production of secondary metabolites, including glucosinolates (Figure 4) [87,88]. In Brassica
species, these metabolites serve as crucial defence compounds, especially under salt stress,
to protect cells from potential permanent damage. Reduction of glucosinolate contents
in Arabidopsis through RNAi rendered plants highly sensitive to oxidative stress due to
reduced levels of antioxidant proteins [89]. Perhaps that could be a reason for a stronger an-
tioxidant repertoire of B. juncea plants to NaCl stress compared with B. napus. The B. juncea
plants demonstrated elevated activities of antioxidant enzymes, including POD, SOD, and
CAT, in response to NaCl stress, suggesting a robust defence against oxidative stress. This
heightened antioxidant response could be attributed to the species’ higher accumulation of
glucosinolates, known for their involvement in mitigating oxidative damage. In contrast, B.
napus displayed lower activities of these enzymes, potentially reflecting a different adaptive
strategy. This observed difference aligns with B. napus’s comparatively lower glucosinolate
levels, indicating a potential trade-off between the activation of antioxidant enzymes and
the accumulation of glucosinolates as part of their stress response mechanisms. Further
investigations into these contrasting strategies may unveil insights into the nuanced inter-
play between antioxidant defence mechanisms and secondary metabolite accumulation in
Brassica species under NaCl stress.

The noted differences in antioxidant enzyme activities between B. juncea and B. napus
under NaCl stress align well with our previous investigation into the photosynthetic
performance of various Brassica species under similar conditions [90]. In our earlier study,
we observed that B. juncea exhibited enhanced protection of the PSII reaction centers
compared with B. napus under 300 mM NaCl conditions. This heightened protection
probably contributed to the superior photosynthetic performance of B. juncea in response to
stress. The interplay between antioxidant defence mechanisms, glucosinolate accumulation,
and the preservation of PSII reaction centers underscores the complex adaptive strategies
employed by different Brassica species to cope with saline stress.

The analysis of selected GTR-coding genes in different plant parts under stressful
conditions revealed a divergent expression pattern in both species. The spatio-temporal
expression of GTR genes elucidates their specific roles in particular organs or tissues. These
findings align with previous studies [42,91,92] that reported varying GTR gene expression
in different tissues of various Brassica species. Similar preferential gene expression in
specific organs or tissues within the same gene family was noted in other studies [69,70,76].
Furthermore, variations in gene expression have been observed at different developmental
stages within the same tissue, as reported by [93]. Our results are in line with earlier
studies conducted on GTR in B. oleracea by [91]. In that study, the authors documented the
expression of different GTR genes under NaCl stress conditions in different plant parts
such as roots, hypocotyl, and leaves and observed varying expression patterns in the target
tissues, as observed in the present study.

Statistical modelling was employed to predict the impact of NaCl stress on the total
glucosinolate content in B. juncea and B. napus. Results revealed contrasting effects, with an
increase in glucosinolate content observed in B. juncea under escalating NaCl stress, aligning
with findings in various Brassica species subjected to salinity stress [94–96]. This upsurge
implies an elevated rate of secondary metabolism in B. juncea, potentially supporting plant
survival under NaCl conditions. Conversely, B. napus exhibited a decreasing trend in total
glucosinolate content, akin to observations in some sensitive Brassica species, suggesting
the breakdown of these secondary metabolites due to NaCl stress [97]. It is noteworthy that
the impact of salinity on total glucosinolate content is influenced by factors such as genetic
background, environmental and soil conditions, developmental stage, plant part analyzed,
and the applied salinity dose [98–100]. Additionally, under control conditions, B. juncea
exhibited higher glucosinolate content compared with B. napus (Figure S2), highlighting the
potential contribution of glucosinolates to B. juncea’s tolerance and established resilience to
various biotic and abiotic factors in comparison to B. napus.
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In summary, the divergent responses of glucosinolate content in B. juncea and B. napus
under NaCl stress underscore the complex interplay between salinity, genetic factors, and
environmental conditions. The observed increase in glucosinolates in B. juncea suggests a
potential adaptive strategy, while the decrease in B. napus hints at a different response, likely
influenced by species-specific sensitivities and stress-induced breakdown of secondary
metabolites. The higher baseline glucosinolate content in B. juncea further underscores its
resilience to diverse challenges, emphasizing the multifaceted role of glucosinolate in plant
stress responses.

5. Conclusions

The GTR gene family underwent expansion throughout its evolutionary trajectory
from Arabidopsis to diploid and amphidiploid Brassica species. While structural and
functional characteristics of GTR genes and proteins remained largely conserved in Brassica
species, exceptions were also noted. Notably, B. juncea exhibited greater tolerance to
NaCl stress compared with B. napus, as evidenced by biochemical and antioxidant assays.
This tolerance in B. juncea was associated with its higher glucosinolate content and the
augmentation of these compounds under NaCl stress, in contrast to B. napus. Furthermore,
GTR genes displayed diverse expression patterns across different tissues and under varying
stress conditions in both species.

Generally, the majority of GTR genes were upregulated under salt stress in B. juncea,
suggesting active transport of glucosinolates to salt-stressed sites. Conversely, B. napus
exhibited downregulation of most GTR genes under NaCl stress. Collectively, B. juncea
emerges as the more salt-tolerant species relative to B. napus, characterized by lower oxida-
tive stress parameters, heightened antioxidant activities, elevated glucosinolate content,
and enhanced glucosinolate transport to stress sites via upregulation of GTR genes under
NaCl stress conditions.
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Tolerance: Overview and Implications. In Plant Abiotic Stress Responses and Tolerance Mechanisms; IntechOpen: London, UK, 2023.

89. Chen, Y.-z.; Pang, Q.-Y.; He, Y.; Zhu, N.; Branstrom, I.; Yan, X.-F.; Chen, S. Proteomics and metabolomics of Arabidopsis responses
to perturbation of glucosinolate biosynthesis. Mol. Plant 2012, 5, 1138–1150. [CrossRef]

90. Farooq, N.; Khan, M.O.; Ahmed, M.Z.; Fatima, S.; Nawaz, M.A.; Abideen, Z.; Nielsen, B.L.; Ahmad, N. Salt-induced modulation of
ion transport and psii photoprotection determine the salinity tolerance of amphidiploid Brassicas. Plants 2023, 12, 2590. [CrossRef]

91. Jiang, D.; Lei, J.; Cao, B.; Wu, S.; Chen, G.; Chen, C. Molecular cloning and characterization of three glucosinolate transporter
(GTR) genes from Chinese kale. Genes 2019, 10, 202. [CrossRef]

92. Zhao, Y.; Chen, Z.; Chen, J.; Chen, B.; Tang, W.; Chen, X.; Lai, Z.; Guo, R. Comparative transcriptomic analyses of glucosinolate
metabolic genes during the formation of Chinese kale seeds. BMC Plant Biol. 2021, 21, 394. [CrossRef]

93. Li, M.; Xie, F.; Li, Y.; Gong, L.; Luo, Y.; Zhang, Y.; Chen, Q.; Wang, Y.; Lin, Y.; Zhang, Y. Genome-wide analysis of the heat shock
transcription factor gene family in Brassica juncea: Structure, evolution, and expression profiles. DNA Cell Biol. 2020, 39, 1990–2004.
[CrossRef] [PubMed]

94. Arbona, V.; Manzi, M.; de Ollas, C.; Gómez-Cadenas, A. Metabolomics as a tool to investigate abiotic stress tolerance in plants.
Int. J. Mol. Sci. 2013, 14, 4885–4911. [CrossRef] [PubMed]

95. Petretto, G.L.; Urgeghe, P.P.; Massa, D.; Melito, S. Effect of salinity (NaCl) on plant growth, nutrient content, and glucosinolate
hydrolysis products trends in rocket genotypes. Plant Physiol. Biochem. 2019, 141, 30–39. [CrossRef] [PubMed]

96. Maina, S.; Ryu, D.H.; Cho, J.Y.; Jung, D.S.; Park, J.-E.; Nho, C.W.; Bakari, G.; Misinzo, G.; Jung, J.H.; Yang, S.-H. Exposure
to salinity and light spectra regulates glucosinolates, phenolics, and antioxidant capacity of Brassica carinata L. microgreens.
Antioxidants 2021, 10, 1183. [CrossRef] [PubMed]
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